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A b s t r a c t 
Indium tin oxide (ITO) thin ﬁlms with a speciﬁc resistivity of 3.5 × 10 − 4 Ω cm and average visible light 
transmission (VLT) of 90% have been reactively sputtered onto A4 Polyethylene terephthalate (PET), 
glass and silicon substrates using a remote plasma sputtering system. 
This system offers independent control of the plasma density and the target power enabling the 
effect of the plasma on ITO properties to be studied. Characterization of ITO on glass and silicon has 
shown that increasing the plasma density gives rise to a decrease in the speciﬁc resistivity and an 
increase in the optical band gap of the ITO ﬁlms. Samples deposited at plasma powers of 1.5 kW, 
2.0 kW and 2.5 kW and optimized oxygen ﬂow rates exhibited speciﬁc resistivity values of 
3.8 × 10-4 Ω cm, 3.7 × 10-4 Ω cm and 3.5 × 10-4 Ω cm and optical gaps of 3.48 eV, 3.51 eV and 3.78 eV 
respectively. 
The increase in plasma density also inﬂuenced the crystalline texture and the VLT increased from 70 
to 95%, indicating that more oxygen is being incorporated into the growing ﬁlm. It has been shown 
that the remote plasma sputter technique can be used in an in-line process to produce uniform ITO 
coatings on PET with speciﬁc resistivities of between 3.5 × 10-4 and 4.5 × 10-4 Ω cm and optical 
transmission of greater than 85% over substrate widths of up to 30 cm. 
Introduction 
Indium tin oxide (ITO) is a commonly used transparent conducting oxide (TCO) with applications as a 
transparent electrode for ﬂat panel displays [1], photovoltaic devices [2] and as an infrared mirror in 
energy saving windows [3]. ITO offers the best combination of electrical conductivity and visible light 
transmission with excellent environmental stability, reproducibility and surface morphology [1,3].  
ITO is based on indium oxide (In2O3), a wide optical gap (≈3.6 eV [4]) semiconductor material which, 
as a result of being n-type degenerate, is electrically conducting. Two explanations given in the 
literature for the source of the free carriers in indium oxide are (a) oxygen vacancies [5] and (b) a 
hydrogen doping mechanism [6–8]. In ITO, the free charge carrier (electron) concentration is further 
increased by substitutionally doping In3+ sites with Sn4+[9]. The doping efﬁciency is related to the 
energy delivered to the growing ﬁlm during deposition. To effectively dope the ITO, commercial 
ﬁlms are deposited at high temperature [10,11]. 
The recent interest in ﬂexible electronic devices has increased demand for processes offering low 
temperature deposition of high quality ITO ﬁlms onto large area polymeric substrates [12]. The 
move to polymeric substrates is driven by their relatively low cost, mechanical ﬂexibility, and light 
weight [2]. These properties not only make ﬂexible devices attractive to the end customer, but also 
enable efﬁcient mass manufacturing using ‘roll to roll’ processes [10]. However, due to the thermal 
sensitivity of polymers, sputter deposition of high quality ITO remains an area of intense research 
[11]. 
To meet the requirements of ﬂexible displays, research has focused on methods of depositing 
materials at low temperature, ideally less than 78 °C (the glass transition temperature of PET) [10]. 
Wakeham et al. [11] deposited ITO with a speciﬁc resistivity of 3.8 × 10 − 4 Ω cm and average visible 
(400–750 nm) light transmission (VLT) greater than 90%, on to a range of ﬂexible substrates 
(< 15 mm diameter bend radius) using a remote plasma system. The high quality of the ITO was 
attributed to the increased energy at the substrate surface as a result of the high density plasma 
(1013 ions cm −3), used in this sputtering process. 
The remote plasma system beneﬁts from independent plasma generation and target biasing, 
resulting in control of the ﬂux of ions and their energies. The ability to generate a high ﬂux of low 
energy ions has been shown to be beneﬁcial for most thin ﬁlm deposition processes [13]. This 
investigation extends the original work of Wakeham et al. [11] with the aim of developing a large 
area ITO process for use on polymeric substrates. After initial optimization of the deposition 
parameters, two sets of ITO ﬁlms were deposited onto glass and silicon to explore the effects of 
varying the plasma power for ﬁlms deposited under optimized and oxygen depleted conditions. 
Firstly, at a depleted oxygen ﬂow rate of 18 sccm a set of ﬁlms was deposited using plasma powers 
in the range of 2.0–3.5 kW. Then a second set of ﬁlms was deposited at the optimum oxygen ﬂow 
rate of 25 sccm employing plasma powers in the range of 1.5–2.5 kW. For comparison, a sample 
radiatively heated to 200 °C was deposited at this same optimum oxygen ﬂow rate. Finally, the 
optimized process was used to deposit ITO onto A4 PET substrates to demonstrate the compatibility 
of the process with polymeric substrates. 
Experimental Technique 
Thin film deposition 
ITO ﬁlms were reactively sputtered from a metallic 90:10 wt.% In:Sn (purity 99.99%) target at 
different oxygen ﬂow rates and plasma powers using an in-line large area remote plasma system 
(details of the technology are discussed elsewhere [11,14,15]) onto glass and silicon substrates. A 
schematic diagram of the system is shown in Fig. 1. 
 Fig. 1. A schematic diagram of the remote plasma system ﬁtted with a 50 cm cylindrical target. The plasma is generated 
in the plasma launch system (PLS) and a magnetic ﬁeld is used to form a plasma envelope around the target. In this 
diagram, the substrate travels in plane. 
The remote plasma sputtering process uses a magnetically conﬁned, remotely generated argon 
plasma to provide a uniform distribution of ions at the target surface. The process is resistant to 
target poisoning and is very stable as a result. The in-line system is ﬁtted with a load lock and 
translating substrate holder (positioned 30 cm below the target) enabling a high sample throughput. 
Prior to deposition the substrates were cleaned using an EcoClear® cleaning solution and dried with 
dry nitrogen gas. The chamber was evacuated to a base pressure of 6 × 10− 4 Pa before being ﬁlled 
with argon to a process pressure of 0.3 Pa. The substrates were treated with a low power plasma (no 
DC bias was applied to the target/substrate) to desorb volatile surface contaminants such as 
hydrocarbon species and adsorbed water. The target was prepared for the coating process by pre-
sputtering in Ar and then in the Ar + O2 gas mixture required for the subsequent coating stage of the 
process. 
Table 1. The deposition parameters for the two sets of ITO coatings deposited at oxygen ﬂow rates of 25 sccm (sample 
numbers 25-1 to 25-4) and 18 sccm (sample numbers 18-1 to 18-4). 
Sample 25-1 25-2 25-3 25-4 18-1 18-2 18-3 18-4 
Argon 
(sccm) 
70 70 70 70 70 70 70 70 
RF plasma 
power (kW) 
1.5 2.0 2.5 2.0 2.0 2.5 3.0 3.5 
Deposition 
temperature 
(˚C) 
ambient ambient ambient 200 ambient ambient ambient ambient 
Ion current 
(A) 
3.4 4.4 5.4 4.2 4.2 5.3 6.1 6.9 
DC bias (V) 294 230 185 240 240 189 160 147 
Oxygen 
(sccm) 
25 25 25 25 18 18 18 18 
Thickness 
(nm) 
350 380 450 320 400 400 400 400 
 
After the initial process optimization (described in Section 3.1), two sample sets were used to 
investigate the effects of the plasma power at different oxygen ﬂow rates. The process parameters 
used to deposit these samples are given in Table 1. The samples have been numbered using a system 
incorporating the O2 ﬂow rate as an identiﬁer for the two different sample sets (i.e. samples 18-1 to 
18-4 for the samples deposited at 18 sccm and 25-1 to 25-4 for the samples deposited at 25 sccm 
O2). All samples were deposited onto unheated substrates except for sample 25-4 which was 
radiatively heated to 200 °C during thin ﬁlm deposition. The samples were not annealed after 
deposition. 
Characterization 
Glass and silicon were initially employed as substrates for characterization purposes. ITO ﬁlms 
deposited onto glass were examined using an AvaSpec UV–Vis–NIR spectrophotometer (spectral 
range 300–1100 nm) and a Jandel Engineering Ltd four point probe for their optical transmittance 
and speciﬁc resistivity respectively. The ﬁlm thickness was measured using a Taylor Hobson Talystep 
proﬁlometer.  
Structural characterization was performed on ITO ﬁlms deposited onto silicon using a Panalytical 
Xpert Pro X-ray Diffractometer using a Cu Kα (1.5418 Å) source running at a voltage of 40 kV and 
current of 30 mA. The 2θ range scanned was 10–65° with a 2θ step size of 0.017°. The average grain 
sizes were determined from the (222) peak employing the De Keijser single line method [16,17], 
which involves a least squares ﬁtting of the XRD peaks using a pseudo-Voigt function and then 
applying the Scherrer equation [21] to the Lorentzian component of the peak. 
To perform carrier concentration and mobility measurements, the ﬁlms were etched into a 
cloverleaf shape and analyzed using the Van Der Pauw method on an Accent HL5500 Hall system 
[18]. 
3. Results 
3.1. Initial process setup — inﬂuence of oxygen on optical and electrical 
properties 
Before studying the effects of plasma launch power on the ITO properties, samples were deposited 
at oxygen ﬂow rates from 0 to 25 sccm with increments of 5 sccm between depositions. The speciﬁc 
resistivity and optical transmission were measured to allow the optimum oxygen ﬂow rate to be 
determined. A constant 2.0 kW plasma launch power and 1.0 kW target power were used 
throughout this initial optimization process.  
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Fig. 2. A plot showing the speciﬁc resistivity and VLT of the ITO ﬁlms, as a function of oxygen ﬂow rate. Beyond 25 sccm 
the speciﬁc resistivity is expected to increase, however at a plasma power of 2.0 kW, the system became unstable for 
oxygen ﬂow rates greater than 25 sccm, preventing the collection of further data. 
Fig. 2 shows that with increasing O2 ﬂow rate, the ITO approaches full stoichiometry, resulting in an 
increase in visible light transmission (VLT) and 2 orders of magnitude decrease in speciﬁc resistivity 
between 15 and 25 sccm. At 25 sccm the ITO coating exhibits VLT of 92% and speciﬁc resistivity of 
3.8 × 10−4 Ω cm. These results show that the process is stable and capable of producing high quality 
ITO. 
3.2. Characterization of ITO samples deposited at ﬂow rates of 18 and 25 
sccm 
All the ITO ﬁlms deposited had thicknesses in the range 320–450 nm (Table 1). The effects of plasma 
power were investigated on ﬁlms deposited under oxygen depleted conditions (oxygen ﬂow rate of 
18 sccm). The optical transmission data for ITO deposited at plasma powers from 2.0 to 3.5 kW 
(Fig. 3) shows that raising the plasma launch power results in an increase in the optical transmission. 
From Fig. 2, it can be seen that a similar effect is observed as the oxygen ﬂow rate is increased. 
 Fig. 3. Optical transmission spectra for the ITO ﬁlms deposited at an oxygen ﬂow of 18 sccm with plasma launch powers 
ranging from 2.0 to 3.5 kW, referenced to the glass substrates. The transmission is seen to improve as the plasma launch 
power is increased. 
Fig. 4 shows the optical transmission data for ITO deposited at the optimal oxygen ﬂow rate of 
25 sccm for plasma powers from 1.5 to 2.5 kW. For comparison, the result for the sample deposited 
at the same oxygen ﬂow rate and plasma power of 2.0 kW, but heated to 200 °C during ﬁlm growth 
(sample 25-4) is also presented. It can be seen that ITO samples deposited at 1.5 kW and 2.0 kW 
have almost identical transmission spectra. However, as the plasma launch power is increased to 
2.5 kW, the absorption edge of the ITO moves to shorter wavelengths, consistent with an increase in 
the optical band gap. The optical band gap increases further for the sample deposited at elevated 
temperature. 
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Fig. 4. Optical transmission spectra for the ITO ﬁlms deposited at an oxygen ﬂow of 25 sccm with plasma powers ranging 
from 1.5 to 2.5 kW, referenced to the glass substrates. The transmission of the heated sample (25-4) shows the 
spectrum of ITO with a high carrier concentration. 
The Tauc relationship (Eq. (1)) was used to calculate the ITO optical band gap, Eg. 
(αhυ)2=C(hυ-Eg)    (1) 
Where α is the absorption coefﬁcient, h is Plank's constant, υ is the frequency and C is a constant 
[19,20]. The optical gap for the 25 sccm oxygen samples is shown to increase from 3.48 eV to 
3.91 eV with increased plasma launch power and heating (Fig. 5). This is consistent with the 
Burstein-Moss effect which predicts a widening of the optical band gap as more low energy states in 
the conduction band are ﬁlled by free carriers [21,22]. 
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Fig. 5. Plots of (αhυ)2 as a function of hυ for the ITO ﬁlms deposited at an oxygen ﬂow of 25 sccm. The optical band gap 
is predicted by extrapolating the gradient from the linear part of the plot to the energy axis. The widening of the band 
gap is indicative of an increase in carrier concentration. 
With regard to electrical properties, both sets of samples show a decrease in speciﬁc resistivity with 
an increase in plasma power. The speciﬁc resistivity of samples 18-2, 18-3 and 18-4 was found to be 
12.6 × 10− 4 Ω cm, 11.6× 10− 4 Ω cm and 9.2 × 10− 4 Ω cm respectively. A more extensive set of 
electrical properties data, including Hall measurements, was recorded for the samples deposited at 
the oxygen ﬂow rate of 25 sccm and the results are presented in Table 2. 
Table 2. A table showing the electrical properties of the ITO coatings deposited at an oxygen ﬂow rate of 25 sccm on 
glass substrates. 
Samples  25-1 25-2 25-3 25-4 
Resistivity x10
-4 
(ohm cm)  four point probe 
3.8 3.6 3.5 1.9 
Resistivity x10
-4 
(ohm cm) Hall measurement 
3.8 3.7 3.5 2.6 
Mobility cm
2
 /V-s 
50 45 43 42 
Carrier concentration x10
20
/cm
3
 
3.5 3.7 4.2 5.6 
 
 
The Hall measurements indicate that the higher conductivity occurs due to an increase in the carrier 
concentration, consistent with the Burstein-Moss effect, as shown by the band gap widening in Fig. 
 5.  This result agrees with the literature where the main increase in ITO conductivity is attributed to 
an increase in free carriers as a result of the effective substitutional doping of In 3+ sites with Sn 4+ 
[9].  
X-ray diffraction has been used to investigate the effects of increasing the plasma launch power and 
heating on the crystal structure of the material. As the doping of ITO is strongly inﬂuenced by 
crystallinity, a strong correlation between the grain size and the speciﬁc resistivity of the material 
would be expected. 
 
Fig. 6. XRD diffractograms showing the effect of plasma power on the structure of ITO ﬁlms deposited onto silicon 
substrates at an oxygen ﬂow rate of 18 sccm. The structure changes from a (400) to (222) texture with increasing plasma 
power. 
For the samples deposited at the depleted oxygen concentration (18 sccm), the XRD diffractograms 
given in Fig. 6 show that at plasma powers between 2.5 and 3.5 kW, the samples have a structure 
which is nanocrystalline. However, the additional presence of an amorphous ‘hump’ in the 
diffractogram for sample 18-1, deposited at 2.0 kW, indicates that this ITO ﬁlm has a mixed 
amorphous/nanocrystalline structure. All samples exhibited average grain sizes in the range of 55-65 
nm (on both silicon and glass substrates) and it can be seen that as the plasma density is increased, 
the texture changes from (400) to (222). 
The XRD diffractograms for the (unheated) samples deposited at optimum oxygen concentration 
(25 sccm) show a similar behaviour to those deposited at lower oxygen concentrations. At low 
plasma powers, of 1.5 kW and 2.0 kW, the ITO ﬁlms exhibit a mixed amorphous/nanocrystalline 
structure and at the higher power of 2.5 kW the structure changes to purely nanocrystalline. At a 
power of 2.0 kW, heating the ITO ﬁlm to 200 °C during deposition leads to a purely nanocrystalline 
structure being formed. Both of the nanocrystalline coatings had an average grain size of 35–40 nm 
(on both glass and silicon substrates). With regard to texture, at the highest power of 2.5 kW, a (222) 
texture is observed, while the sample deposited at 2.0 kW and heated to 200 °C, shows a (400) 
texture.  
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Fig. 7. XRD diffractograms showing the effect of plasma power on the structure of ITO ﬁlms deposited onto silicon 
substrates at an oxygen ﬂow rate of 25 sccm. 
Comparing the nanostructures formed at 18 and 25 sccm oxygen, it can be seen that a similar (222) 
textured nanocrystalline structure is formed through depositing at a high plasma power at lower 
oxygen ﬂow rates or a medium plasma power at a higher oxygen concentration (Fig. 7). 
Deposition of ITO on A4 PET 
Having developed an optimized process for deposition of ITO onto glass and silicon, a 100 nm thick 
ITO ﬁlm was deposited onto an A4 PET sheet at a plasma power of 2.0 kW and an oxygen ﬂow rate 
of 25 sccm to demonstrate the compatibility of the process with organic substrates. 
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Fig. 8. A plot showing the speciﬁc resistivity and VLT of the ITO as a function of distance from the plasma source. The 
plot shows that the ITO is deposited uniformly along the line of the target, which is the most non-uniform direction in a 
web coating system. 
Fig. 8 shows that the average speciﬁc resistivity of the deposited ITO was 3.96 × 10− 4 Ω cm with a 
variation of less than ±10% over 26 cm. Hence, a highly uniform deposition process is possible for a 
web coating system with well-designed apertures and gas distribution. The VLT was observed to be 
greater than 85% at all points on the ﬁlm (Fig. 8). The sheet resistance of these ITO ﬁlms was found 
to be 40 Ω/□. With no active cooling of the steel backplate, 100 nm thick ITO ﬁlms can easily be 
deposited onto PET sheets without degradation of the substrate. Hence, the deposition temperature 
is assumed to be less than 78 °C. 
Discussion 
This work has shown that increasing the plasma power at low oxygen ﬂow rates results in a change 
of texture from (400) to (222) and an improvement in the ITO properties: i.e. a larger VLT and a 
reduction in speciﬁc resistivity. Such properties have all been seen to occur either as a result of 
increasing the oxygen ﬂow rate, and hence an increased oxygen incorporation into the growing ﬁlm, 
as seen from our results and those of other workers [23] or through depositing ﬁlms using reactive 
oxygen species, such as ozone [24]. This latter result indicates that an increase in the oxygen 
incorporation could be achieved by an increase in the reactivity of the oxygen. 
Our results have demonstrated that the high ion density (1013ions cm3) in the remote plasma system 
is very effective at ionizing argon gas. Given that the ﬁrst ionization energy of both indium and 
oxygen is lower than that of argon [25], the plasma is likely to generate indium and oxygen ions as 
well as reactive species such as ozone. Consequently, the improved ITO properties observed for 
increased plasma powers at low oxygen ﬂow rates can be attributed to the increase in reactivity of 
the oxygen and indium as a result of the more energetic plasma conditions. The ability to increase 
the probability of the indium–oxygen reaction is signiﬁcant for process stability as a lower oxygen 
ﬂow rate would decrease the chance of process runaway occurring. 
The depositions at optimum oxygen ﬂow rates show a transition from amorphous/nanocrystalline to 
crystalline as the plasma power isincreased. The nanocrystalline ﬁlms deposited at 2.5 kW exhibit an 
increased optical band gap, conductivity and carrier concentration compared to ﬁlms deposited at 
lower plasma powers. This change in properties occurs as the Sn 4+ becomes more active as an 
electron donor in the crystalline lattice as it subsitutionally dopes indium sites. The mobility of 
charge carriers in the ITO appears to decrease as the carrier concentration increases (Table 2). This is 
explained by an increased scattering from ionized impurities (Sn 4+ dopants) [26]. 
The formation of each of the textures observed for ﬁlms deposited under different conditions can be 
explained by considering surface mobility and ion bombardment. The texture of a material is 
determined by the relative growth rate for each of the crystallographic planes present at the surface 
[27]. Under normal conditions with high surface mobility, ITO will grow with a structure which is 
predominantly (222) oriented [28]. From these experiments, it was found that for high surface 
mobility conditions (heating the sample), a (400) texture develops. The usual explanation of re-
sputtering [29] seems unlikely, since any increase in plasma density results in an increase in the 
target current for the remote plasma system. As the ﬁlms were deposited at constant target power, 
the bias on the target is reduced to compensate for the increased current, resulting in a higher ﬂux 
of lower energy ions. The energies of the ions approach those of ‘plasma only’ conditions, which are 
too low to cause re-sputtering [11,14,15]. Petrov et al. [13] have shown that for TiN, a change in the 
ratio of the ﬂux of ionized/atomic nitrogen can affect the texture of the thin ﬁlms formed. They 
attributed this to the different diffusion coefﬁcients of ions and atoms on the (100) and (111) 
surfaces. Their results are similar to the texture changes observed for our ITO ﬁlms. Hence, it seems 
probable that at higher plasma powers, the increased ﬂux of ions is inﬂuential in changing the ITO 
texture. 
 
Conclusion 
 
A remote plasma sputtering system which allows independent control of the plasma density and the 
target power has been employed to grow ITO thin ﬁlms under different process conditions. In 
particular, the effect of plasma density on ﬁlm properties and microstructure has been studied. 
Increasing the plasma density leads to a decrease in the speciﬁc resistivity and increase in the optical 
band gap of the ITO ﬁlms. Samples deposited at plasma powers of 1.5 kW, 2.0 kW and 2.5 kW and 
optimized oxygen ﬂow rates exhibited speciﬁc resistivity values of 3.8 × 10-4 Ω cm, 3.7 × 10−4 Ω cm 
and 3.5 × 10−4 Ω cm and optical band gaps of 3.48 eV, 3.51 eV and 3.78 eV respectively. 
By growing ITO ﬁlms at depleted oxygen concentrations, it has been shown that increasing the 
plasma power provides not only an energy source for increased adatom surface mobility and ﬁlm 
densiﬁcation, but also acts to increase the probability of chemical reactions through higher 
ionization of the reacting oxygen and indium species, leading to improved properties of the 
deposited ITO ﬁlms. 
ITO ﬁlms deposited onto A4 PET sheets exhibited a sheet resistance of 40 Ω/□ and VLT of greater 
than 85%. The variation of the speciﬁc resistivity measured across an A4 ITO coated sheet is better 
than ±10% indicating that a highly uniform large area deposition process should be possible with 
further development. 
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